We demonstrate an alkali modification process to produce highly dispersed 
ultrafine Pt nanoclusters with metallic Pt 0 and oxidized Pt 2+ species as co-catalyst anchored on nanosheet-constructed yolk-shell TiO 2 (NYTiO 2 -Pt) acting as light harvesting reactor for highly efficient photocatalytic H 2 production. Benefiting from the high surface area, highly dispersed ultrafine Pt nanoclusters (~0.6 nm) with Pt 0 and Pt 2+ species and special nanosheet-constructed yolk-shell structure, this novel light harvesting reactor exhibits excellent performance for photocatalytic H 2 production. The NYTiO 2 -Pt-0.5 (0.188 wt% Pt)
demonstrates an unprecedentedly high H 2 evolution rate of 20.88 mmol h -1 g -1 with excellent photocatalytic stability, which is 87 times than that of NYTiO 2 -Pt-3.0 (0.24 mmol h -1 g -1 , 1.88
wt% Pt), and also much higher than those of other TiO 2 nanostructures with the same Pt content. Such H 2 evolution rate is the highest reported for photocatalytic H 2 production with such a low Pt content under simulated solar light. Our strategy here suggests that via alkali Introduction Solar-driven photocatalysis for hydrogen production from renewable resources has attracted a tremendous interest as a promising approach for clean energy generation and environmental remediation in recent years. [1, 2] Generally, for H 2 production using a semiconductor, the conduction band (CB) edge should be more negative than E(H + /H 2 ) (0 V at pH 0), while the valence band (VB) edge should be more positive than E(O 2 /H 2 O) (1.23 V at pH 0). [3] Using this criterion, thus far, various photocatalysts (such as TiO 2 , ZnO, CdS, ZnS, MoS 2 , BiWO 3 , g-C 3 N 4 ) have been developed for hydrogen production. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] And these photocatalysts are often co-catalysed or modified by non-metals, [14] other semiconductors, [15] [16] [17] [18] non-noble metals [19] and noble metals [20, 21] to turn their electronic band gaps and address the rapid recombination of photogenerated electron-hole pairs.
Amongst these strategies proposed to enhance photocatalytic H 2 production, noble metal (such as Pt, Pd, Au, Ag and Rh) deposition as co-catalyst has been proven to be an effective method for photocatalytic H 2 production enhancement (without cost consideration) because they exhibit high affinity to photogenerated electrons in CB of many photocatalysts. [22] In particular, Pt is considered as the most effective noble metal for H 2 production due to its photostability with the lowest overpotential and largest work function. [23] Generally, it is essential to create Schottky barriers between Pt and photocatalyst. When a Fermi level equilibration is achieved, interfacial charges quickly transfer to Pt through the metal-semiconductor heterojunction, resulting in the reduction of H + and formation of H 2 on
Pt. [24] This means that the size, dispersion and content of Pt on to photocatalysts have a significant effect on the photocatalytic H 2 production activity of Pt-deposited photocatalyst. [24, 25] due to the only carbon and nitrogen. However, the posibility of co-catalysing single Pt atom in metal oxides-based photocataysts is unclear. Indeed, anchoring ultrafine Pt nanoparticles on these metal oxides-based photocatalysts is still a big challenge.
In this context, wet-chemistry reduction of H 2 PtCl 6 has already offered the opportunity for Pt nanoparticles deposition as co-catalysts for photocatalytic enhancement. [27] [28] [29] [30] Recently, Zhai et al. have reported that alkali modification of Pt can induce Pt nanoparticles with alkali-O x (OH) y species loaded on alumina or silica, which are active at the low-temperature for H 2 production via water-gas shift reaction both in experiment and in density functional theory calculations. [31] We then reasonably suppose that alkali modification has the same effect on improving the amount of the surface bridging hydroxyls on the surface of both metal oxides-based photocatalysts and Pt nanoparticles. And the surface bridging hydroxyls on the metal oxides-based photocatalyst may increase the active sites for Pt deposition and promote uniform deposition of ultrafine Pt nanoparticles (or even nanoclusters 
Synthesis of NYTiO 2
In a typical synthesis, 0.12 mL TEPA is added in to 84 mL isopropanol under stirring.
Then, 3 mL of TTIP is added to the above solution and stirred for 30 minutes. The solution is then transferred into a 150 mL Teflon-lined autoclave and kept at 200 °C for 24 h. After cooled to room temperature, the precipitate is washed with ethanol via centrifugation for several times and dried at 60 °C. Finally, the NYTiO 2 product is obtained via calcination of the precipitate at 400 °C for 2 h.
Synthesis of MeTiO 2
The mesoporous TiO 2 (MeTiO 2 ) microspheres are prepared via a sol-gel synthesis. 
Evaluation of photocatalytic activity
The photocatalytic hydrogen production is performed in a glass-closed-circulation system with a top irradiation-type reaction vessel (LabSolar II H 
For the photocatalytic experiment and AQY test, 20 mg NYTiO 2 -Pt-0.5 photocatalyst is dispersed in 80 mL aqueous solution containing 30 mL CH 3 OH as a sacrificing agent. The amount of H 2 is also monitored on an online thermal conductivity detector (TCD) gas chromatograph (GC, Agilent 7890A).
Results and discussions
The details of the NYTiO 2 synthesis can be found in the literature. Pt nanoclusters are then deposited onto the hierarchical NYTiO 2 via NaOH modification (Scheme 1a). Table 1 lists the Pt content for all these samples. However, XRD results show no obvious difference for the NYTiO 2 and NYTiO 2 -Pt samples (Figure 1 ). We believe that this is due to the very low Pt content and highly dispersed ultrafine Pt nanoclusters. Figure   S3a shows the UV-Vis absorption spectra of NYTiO 2 and NYTiO 2 -Pt samples. The corresponding Tauc plots revealing the quantity hν (the energy of the light) and the quantity (Ahν) 1/2 (A is the absorption coefficient) are presented in Figure S3b . All the obtained E g from the intercept of the tangents are similar and are listed in Table 1 , indicating that there is no obvious difference on the electronic band gaps for these samples. SEM images show that the hierarchical nanosheet-constructed yolk-shell structure can be completely retained after Pt deposition, via the chemical reduction process in an alkaline condition ( Figure 2 ). It is interesting to note that after NaOH modification, the nanosheets-constructed shell has loosed a little comparing to the original NYTiO 2 . In particular, many pores appear in the nanosheets after Pt nanoclusters deposition under alkali modification. These pores are also beneficial for light penetrating and harvesting. However, upon intensive SEM investigations, no Pt nanoclusters are observed in any of the NYTiO 2 -Pt samples. Further, no signal of Pt is detected via the SEM-EDS characterization, even for NYTiO 2 -Pt-3.0 with a high content of 1.88 wt% Pt ( Figure S4 ). We thus reasonably conclude that the Pt nanoclusters are beyond the detection range due to their ultrafine size and uniform deposition onto TiO 2 nanosheets. nanosheets. Figure 3f gives the size distribution of Pt nanoclusters from TEM images. It shows the size of the Pt nanoclusters mainly centering at ~0.6 nm. in NYTiO 2 -Pt-0.5. Further, the presence of oxidized Pt 2+ species is conducive to H 2 production via suppressing the hydrogen oxidation in the photocatalytic water splitting. [31, 38] The peaks of Pt 4f 7/2 and 4f 5/2 for NYTiO 2 -Pt-3.0 are more obvious, due to the higher Pt content, leading to a better signal-to-noise ratio.
From the XPS results and discussion, one can see that the negative shifts of Ti 2p and O 1s after NaOH-modification accompanying with Pt deposition can be attributed to two reasons. First, Pt nanoclusters have high ability to trap electrons, leading to higher negative shift of Ti 2p and O 1s in NYTiO 2 -Pt-3.0 than in NYTiO 2 -Pt-0.5. On the other hand, the NaOH-modification of the TiO 2 surface can induce the surface hydroxyl groups to bring a negative shift in the binding energies of Ti 2p and O 1s. [40] XPS results show that the NYTiO 2 -Pt-0. This means that the NaOH modification of NYTiO 2 -Pt photocatalyst significantly improves its photocatalytic activity.
To further verify the role of hierarchical nanosheet-constructed yolk-shell structure for However, the MeTiO 2 -Pt-0.5 only demonstrates a H 2 production rate of 6.81 mmol h -1 g -1 ,
only 32.6% of the H 2 production rate of NYTiO 2 -Pt-0.5 (Figure 5b and 5c ). The commercial P25 nanoparticles are also loaded with 0.188 wt% Pt (designated as P25-Pt-0.5) for photocatalytic H 2 production at the same condition. Figure S10 shows the XRD and HRTEM images of P25-Pt-0.5, confirming the existence of anatase-rutile phase and Pt nanoclusters.
Figure S11 also displays the UV-Vis absorption spectrum of P25-Pt-0.5. XPS is further employed to investigate the structural stability of NYTiO 2 -Pt-0.5 after 25 h reaction (designated as NYTiO 2 -Pt-0.5H); see Figure S12 . One can see that after 25 h of photocatalytic reaction, there is no obvious difference between NYTiO 2 -Pt-0.5 and NYTiO 2 -Pt-0.5H except for the noise signal increase for Pt. We speculate that this increase of noise signals is induced by more hydroxyls groups attached on TiO 2 and Pt nanoclusters.
More detailed investigation is required to verify this.
Conclusions
In summary, we have designed an alkali-modified NYTiO 2 -Pt light harvesting reactor for highly efficient photocatalytic H 2 production. The Pt nanoclusters are uniformly deposited through a simultaneous NaBH 4 reduction of H 2 PtCl 4 and NaOH-modification in an alkaline environment. The porous, nanosheet-based yolk-shell microspherical TiO 2 , co-catalysing with highly dispersed ~0.6 nm Pt nanoclusters with metallic Pt 0 and oxidized Pt 2+ species in a low content of 0.188 wt% Pt, demonstrates excellent photocatalytic stability and up to 20.88 mmol h -1 g -1 H 2 production under simulated solar light. We believe that our demonstration here provides a simple, efficient and economic route to decorate metal oxides-based photocatalysts with ultrafine noble metal nanoclusters for highly efficient solar energy assisted water splitting at a very low content of noble metal. On the basis of these findings, other efficient light harvesting systems with a facile alkali modification might be further developed for highly photocatalytic H 2 production.
